WO 2005/011829 



1 



PC1YUS2004/017292 



Electrostatic Particle Charger, 
Electrostatic Separation System, 
And Related Methods 

This application claims the benefit of U.S. Provisional Patent 
Application Ser. No. 60/477,443, the disclosure of which is 
incorporated herein by reference. 

Technical Field 

The present invention relates to the material separation art and, 
more particularly, to an improved particle charger or charging device, an 
improved separator, and related methods for electrostatically separating two 
5 species of particles from a particle mixture. 

Background of the Invention 

"Dry" triboelectrostatic separation is widely used as an effective 
technique for separating different particulate solid components ("particles") 

10 from a physical mixture entrained or carried in a driving fluid, such as air. 
Typical applications include the beneficiation of minerals, purification of 
foods, the recovery of valuable components from waste, and the sizing of 
particles in a particle mixture. This technology has gained widespread 
acceptance as providing a low cost, environmentally friendly technique, since 

15 it requires no chemicals or water and thus eliminates costly downstream de- 
watering and slime disposal applications required in wet separation processes. 

Typically, electrostatic separation relies on the surface physical 
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properties of the different particles and controlled flow conditions to effect 
beneficiation in an efficient and effective manner. Specifically, when two 
species of particles with different work functions contact one another, a charge 
transfer between the contact area results, such that one species may carry a 
5 positive charge and the other a negative charge (known as "contact charging"). 
This differential charge may also be achieved by "friction charging," which 
results when the particles are forced to slide along or rub against a solid 
surface. The combined effects of these charges are together known as 
"triboelectrostatic charging" or "tribocharging" for short, and are together 
1 0 considered to play a key role in achieving particle separation. 

Figure 1 schematically illustrates a typical prior art 
triboelectrostatic separator S. The particles P in the mixture are fed into the 
separator S from a bin B, and are charged to a bipolar state in a metal tube T, 
mainly by friction charging. The particles P then pass through an electric field 
1 5 F, such that the species of particles having a particular charge is drawn from 
the mixture toward a corresponding electrode E„ E 2 . However, as a result of 
the inefficient charging resulting from the fact that not all particles make 
contact with the sidewalls of the tube T, weakly charged or charge-neutral 
particles may not be attracted and consequently simply pass through the 
separator S unaffected by the electric field F. While these "middling" particles 
(not shown in Figure 1) may be separated during a second pass, this obviously 
decreases the efficiency of the separation operation. Increasing the feed rate 
of the particles P may allow for more passes in a shorter period, but a 
concomitant decrease in the separation efficiency per pass results because of 
25 the shorter residence time of the particles in the electric field F. 

Accordingly, while the typical prior art separator S is effective 
for separating two particle species from a particle mixture, it should be 
appreciated that further improvements in separation effectiveness and 
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operational efficiency are still possible. More specifically, a need exists for 
devices and methods that enhance the charging on the particles as well as the 
downstream separation to improve efficiency and potentially reduce the need 
for the number of passes required. 

5 

Summary of the Invention 

In accordance with a first aspect of the invention, an apparatus 
for intended use in charging particles in a system for separating particles from 
a fluid flow is disclosed. The apparatus comprises: (1) a chamber including an 
1 0 inlet for receiving the particles and an outlet for discharging the particles; and 
(2) a rotor rotatably mounted in the chamber. The rotor has a generally non- 
permeable outer surface for contacting and assisting in charging the particles. 

In one particular embodiment, the rotor is circular, polygonal, or 
gear-shaped in cross-section, and the chamber is generally cylindrical. 
15 Preferably, the outlet of the chamber is positioned below and generally 
opposite the inlet. A partition may also project into the chamber adjacent the 
rotor. Preferably, the partition is adjustable to vary the distance between an 
end of the partition and the rotor. Additionally, a motor is provided for 
rotating the rotor. The motor may rotate the rotor at a rotational speed of up 
20 to 10,000 revolutions per minute. 

In the same or another embodiment, an electric field is provided 
in the chamber. Preferably, the electric field is created by a variable voltage 
source having a first lead connected to the rotor and a second lead connected 
to a wall of the chamber. The electric field helps to enhance the charging of 
25 certain types of particles. 

In accordance with a second aspect of the invention, an apparatus 
for intended use in separating particles of a mixture is disclosed. The 
apparatus comprises a body including an inlet for receiving the electrically 
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charged particles to be separated, a separation chamber, a first electrode for 
attracting particles having a first selected charge, and a second electrode for 
attracting particles having a second selected charge. The first and second 
electrodes are grid electrodes having a plurality of elongated fingers extending 
5 along the separation chamber spaced apart from the body. A flow straightener 
positioned in or adjacent to the inlet receives and straightens a co-flow of fluid, 
such as a gas, passing over and between the fingers of the grid electrodes for 
carrying or sweeping away the particles. 

In one embodiment of the separation apparatus, a variable 

10 voltage source applies a positive voltage potential to the first electrode and a 
negative voltage potential to the second electrode. Preferably, the fingers on 
each electrode are connected to a common header. 

In accordance with a third aspect of the invention, a method of 
separating particles from a particle mixture is disclosed. The method 

15 comprises actuating a rotor to create a differential charge on the two or more 
constituent species of particles in the mixture and separating the differentially 
charged particles into the two or more constituent species at a location 
downstream of the chamber. Preferably, the actuating step is accomplished by 
rotating the rotor at a speed of at least 1,200 revolutions per minute. 

20 hi accordance with a fourth aspect of the invention, a method for 

separating electrostatically charged particles from a mixture is disclosed. The 
method comprises introducing the charged particles to a separation chamber 
including a positive grid electrode for attracting negatively charged particles 
and a negative grid electrode for attracting positively charged particles; and 

25 sweeping away corresponding particles from the grid electrodes using a 
straightened co-flow of a fluid, such as a gas. The step of actuating a rotor in 
a mixing chamber upstream of the separation chamber to enhance the charge 
on the particles in the mixture may also be performed. 
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Brief Descri ption of the Drawing Figures 

Figure 1 schematically illustrates a prior art separation system; 

Figure 2 is a partially cross-sectional, perspective view of one 
embodiment of the charger forming one aspect of the invention; 
5 Figure 3 is a graph illustrating the enhanced particle charging 

achieved when an electric field is applied to the charger; 

Figures 4a-4c show exemplary shapes of rotors; 

Figure 5 is a partially cross-sectional, perspective view of one 
embodiment of the separator forming another aspect of the invention; 
10 Figures 6a and 6b are schematic side views of the separator of 

Figure 5 in operation; and 

Figure 7 illustrates an experimental set-up using the charger of 
Figure 2 and the separator of Figure 5. 

15 Detailed D escription of the Invention 

With reference to the partially schematic, cross-sectional side 
view of Figure 2, and in accordance with a first aspect of the invention, an 
improved particle charging device or charger 10 is disclosed. The charger 10 
includes a generally rectangular, elongated inlet 1 2 for receiving a feed stream 
20 FS, which may include a mixture comprised of at least two species of particles 
to be differentially charged. Particles in the feedstream (which includes at 
least a small amount of a driving fluid, such as air) passing through the 
distributor are introduced to the inlet 12 and enter a charging chamber 14 
forming part of the charger 10. 

25 The charging chamber 14 is formed between the inner surface of 

an outer wall 1 6 and the outer surface of a charging roller or rotor 1 8 mounted 
to rotate about an axis of rotation X, and thus creates an annular space for 
receiving the particle mixture. The roller or rotor 18 is provided with a 
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generally continuous, non-permeable outer surface for contacting and 
frictionally charging the particles in the mixture (which typically have a size 
ranging from 2-3 millimeters or less). 

An outlet 20 is defined in the outer wall 16 of the charger 10 
5 generally opposite the inlet 12. The outlet 20 may be in direct or indirect 
communication with a downstream separator or like device for effecting 
further processing of the particle mixture. A plastic adaptor 22 may also be 
connected to the outlet 20 for receiving and containing the particle mixture as 
it transitions to the downstream separator S. To increase the throughput 
10 without compromising efficiency, the charger 10 and all components forming 
it are elongated in a direction aligned with the axis of rotation of the rotor 1 8 
(which is shown as being hollow and having a center support shaft (not 
numbered) in operative engagement at one end with a motor M). 

In one possible mode of operation, the rotor 18 is rotated at a 
15 selected rotational speed (e.g., up to 10,000 rpm, and more preferably between 
1,200 and 8,000 rpm) by the motor M (which may be a variable speed electric 
motor). Particles encountering the rotor 1 8 upon passing through the inlet 1 2 
become agitated and charged by both friction and contact charging. More 
particularly, the dynamic agitation of the mixture created by the rotation of the 
20 rotor 18 increases the incidence of both: (1) particle-particle contact, thus 
creating contact charging; and (2) particle-wall contact (either the outer wall 
1 6 or with the surface of the rotor 1 8), thus creating friction charging. In other 
words, the particles in the mixture will have multiple areas of contact, both 
with the rotor 18 and the other particles, due to the fast rotation and agitation 
25 of the particles created thereby. As a result of using this "rotary charger," a 
much higher charge density on the surface of the particles results, and the 
incidence of weakly or neutrally charged particles passing through the outlet 
20 is reduced. 
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When the particles passing through the charger 10 are fed to a 
downstream separator S, separation efficiency is increased (possibly by as 
much as 40%) and the need for multiple passes to effect separation may be 
eliminated. The active charging provided by the charger 10 also allows for a 
5 much higher throughput without reducing the separation efficiency, as 
compared to the passive charging afforded by the tube-type of arrangement 
shown in Figure 1. The charger 10 also helps to ensure that all particles are 
charged, not just a mono-layer of particles at the surface of the mixture (as is 
the case of a corona charger). 

10 The charger 10 may also operate in a continuous fashion such 

that particles fed through the inlet are constantly being charged and discharged 
through the outlet for downstream separation. However, the provision of a 
closure or door adjacent the outlet 20 is a possibility, including in the case 
where the operation of the charger is separate from the downstream operation. 

15 In other words, the charging may be completed apart from the separation, the 
two may occur simultaneously on the same batch of the particle mixture, or the 
two may occur simultaneously on two different batches of the particle mixture. 

Figure 2 also illustrates that a partition 24 may also be provided 
for selective insertion into the chamber 14 to perform the dual function of 

20 preventing the particle mixture from prematurely entering the outlet 20 in one 
direction and guiding the particle mixture to the outlet in the other. The 
partition 24 may pass through an opening in the outer wall 16, preferably 
adjacent to the opening defined by the outlet 20 through which the particle 
mixture exits the chamber 14, and its inner end extends to a point closely 

25 adjacent to the outer surface of the rotor 18. This inner end of the partition 24 
may have an upper face matching the contour of the rotor (e.g., an arcuate face, 
in the case where the rotor is cylindrical)). The partition 24 may be mounted 
directly to the wall defining the outlet 20 using a fastener (Figure 2), and may 
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optionally be mounted to permit selective adjustment of the inner end toward 
or away from the rotor 18. 

When the rotor 18 rotates in the clockwise direction as viewed 
in Figure 2 (note action arrow A), the partition 24 is thus positioned 
5 downstream of the outlet 20 in the angular sense. In this position, it serves to 
prevent or block particles from simply falling through the outlet 20 without 
making contact with the surface of the rotor 18 or the inside surface of the 
outer wall 16. The partition 24 so positioned also prevents lighter particles 
from becoming permanently suspended in the fluid flow surrounding the rotor 
10 18 during rotation, since it contacts and forces the particles into the outlet 20 
and toward the downstream separator. As should be appreciated, when the 
direction of rotation is reversed, the position of the partition 24 relative to the 
outlet 20 may be likewise reversed to accomplish the intended blocking and 
guiding functions. 

15 Selective charging may further be enhanced by applying an 

electric field to the charger 10. Specifically, as shown in Figure 2, the leads 
of an external voltage source 26 are applied to the rotor 1 8 and the outer wall 
16 of the chamber 14 to create an electric field therein. Using this externally 
applied voltage may allow for a certain charge density and polarity to be 
20 achieved on the particles. For example, as graphically illustrated in Figure 3, 
using a typical phosphate and quartz mixture, the phosphate may be charged 
over a range of 500 x 10" 6 C/kg (from about positive 250 x 10* C/kg to 
negative 250 x 10* C/kg) while the quartz is always charged negatively when 
the external applied voltage is in the range of -9kV to +9kV. At zero voltage, 
25 both the phosphate and quartz are charged negatively. Therefore, separation 
of phosphate from quartz is more efficient if an external voltage is applied. 

Although a generally cylindrical rotor 18 is shown in Figure 2, 
it should be appreciated that other shapes may be used (and that such shapes 
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may further enhance the charging of the particles). An example of a gear or 
sprocket-wheel type of rotor 18a with outwardly projecting "teeth" and 
corresponding surface indentations is shown in Figure 4a. An octagonal rotor 
18b is shown in Figure 4b, which thus provides a plurality (eight) of distinct 
5 contact surfaces. Other polygonal shapes could also be used (e.g., a hexagon 
or dodecagon), with or without rounded corners at the intersections of the 
planar surfaces. Figure 4c also shows that a cylindrical separator 1 8c may be 
formed as a solid body, as compared to the hollow body 1 8 shown in Figure 2. 
In both cases, the outer surface of the rotor 18 remains non-permeable or 
10 continuous. 

In accordance with another aspect of the invention, an improved 
separator 100 is also disclosed. The separator 100 includes a distributor 1 12 
defining an inlet for receiving a feedstream of charged particles (which as 
should be appreciated may be delivered from the outlet 20 of the charger 10 

1 5 described above or a different device, including the conventional tube T shown 
in Figure 1). The particles are delivered to a body 1 14 of the separator 100, 
which is generally rectangular and elongated. The driving fluid (gas) may be 
supplied by a driving fluid source, such as a forced draft fan (not shown), 
positioned upstream of the distributor 1 12. The fluid or gas is preferably 

20 ambient air, but other gases such as nitrogen, helium, argon, carbon dioxide, 
or combustion flue gas can be used at temperatures between approximately 25° 
C to 300° C. 

In typical separators using plate-type electrodes (see Figure 1), 
the deposition of charged particles may reduce the separation efficiency and 
25 require deleterious periodic shutdowns for cleaning. In an effort to reduce or 
eliminate the need for such shutdowns, a pair of grid or grill electrodes 1 16, 
1 18 are positioned in the body 1 14, spaced from the sidewalls thereof. Each 
grid electrode 116, 118 is comprised of a plurality of elongated, generally 
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parallel fingers 120 that extend into and define a separation chamber 122 
within the body 1 14. The fingers 120 each emanate from a common header 
124 and a similar footer (not shown) may also be provided to enhance the 
rigidity and stability of the electrodes 1 1 6, 1 1 8. The elongated, spaced nature 
5 of the fingers 120 eliminates or substantially reduces the amount of particles 
deposited on the electrodes 116, 118, which obviates the above-mentioned 
problems. 

Each electrode 1 16, 1 18 is connected to the lead of a variable 
voltage source 126 (such as along the header 124) to create an electric field in 

10 the chamber 122 for separating the particles having a selected charge. A co- 
flow of gas devoid of particles may also be introduced from a separate source 
(not shown) for sweeping away the particles drawn towards the electrodes 1 1 6, 
1 1 8. Preferably, flow straighteners 128 are provided to reduce the turbulence 
and form a smooth co-flow of gas generally parallel to the feedstream FS upon 

15 entering the separation chamber 122. The flow straighteners 128maybeinthe 
form of tubes having aspect ratios, i.e., the ratio of length to diameter, of 
greater than 20: 1, but other types of straighteners (such as vanes) may also be 
used. 

Figures 6a and 6b schematically demonstrate a comparison 
20 between the use of plate electrodes P (Figure 6a) and the grill or grid electrodes 
116, 118 (Figure 6b). In Figure 6a, the deposit D of particles on the plate 
electrodes P is shown. Since the flow of both the feedstream FS of charged 
particles and the co-flow CF devoid of particles passes only over the opposed 
faces of the plate electrodes P, the particles drawn from the mixture 
25 accumulate and form the deposits D. However, in the case of the grid 
electrodes 1 16, 1 18 (which are spaced from at least two adjacent sidewalls of 
the body 114, and preferably all four), the flows essentially surround the 
fingers, moving both over and between them. This helps to prevent the 
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particles from accumulating and forming the undesirable deposits that hamper 
efficient operation. 

Figure 7 shows an experimental set-up built and used to 
demonstrate the effectiveness of the charger 10 and separator 100 disclosed 
5 herein when used in combination. As is known in the art, the system may 
include a splitter 140 downstream of the separator for dividing the flow into 
streams including the substantially separate and pure species of particles and 
cyclones 150 or other filtering devices for removing the particles from the 
streams once separated. Collection bins 160 may also be provided for 
10 collecting the first and second species of particles, as well as any "middlings" 
that result. 

Experiments were conducted using the exemplary system 100 
shown in Figure 7 in an effort to demonstrate the efficacy of the charger 10 
Both one-stage and two-stage separation was employed. Using this set-up, the 
15 following sets of data were obtained using both one-stage and two-stage 
separation: 
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Example 1 - Fly ash separation result 

Table 1 . One-stage fly ash separation 



EE 



Ash 



Middling 



"IlLOI, %|| Yield || LOI, % I Yield 




#1 


0.75 


44.57 


1.92 


43.30 


4.31 


12.13 


#2 


0.94 


59.92 


7.49 


25.62 


39.19 


14.46 


#3 


1.19 


33.87 


2.82 


38.09 


15.98 


28.04 


#4 


1.21 


42.08 


5.37 


45.82 


28.47 


12.10 


#5 


3.64 


43.41 


14.93 


39.22 


41.44 


17.37 
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Example 2 - Fly ash separation result 

Table 2. Two-stage fly ash separation 



10 



15 



20 



25 



30 



Product 


1 ^.Product 


Product | 


^Product 


FAsh 


Ash, % 


J Ash, % 


Yield, % | 


Yield, % 


Recovery, % 


0.23 


0.23 


36.01 


36.01 


38.85 


1.04 


0.48 


15.58 


51.59 


55.52 


3.58 


0.72 


4.48 


56.06 


60.18 


6.04 


1.31 


6.90 


62.96 


67.19 


7.12 


1.67 


4.20 


67.16 


71.41 


9.64 


3.11 


14.85 


82.01 


85.92 


13.03 


3.73 


5.45 


87.45 


91.04 


27.13 


4.50 


2.98 


90.43 


93.38 


30.84 


5.94 


5.24 


95.67 


97.30 


42.38 


7.52 


4.34 


100.00 


100.00 



Example 3 - Coal cleaning result 

Table 3. Coal cleaning 





^Product 
Ash, */i 


Product 
ViefdVT— 


^Product 
YleldVST- 


^Combustible 


£Ash "1 


3.44 


3.44 


42.40 


42.40 


49.56 


91.61 


7.82 


4.84 


19.94 


62.34 


71.81 


82.64 


26.92 


9.07 


14.75 


77.10 


84.86 


59.78 


37.89 


13.02 


12.24 


89.34 


94.06 


33.09 


53.96 


17.38 


10.66 


100.00 


100.00 


0.00 



Table 3 shows the results of coal cleaning obtained by a two-stage 
closed circuit test. The raw coal ash content is about 17%. For the product 
with 9.07% ash, an 84.86% of combustible recovery can be achieved with an 
ash rejection of 59.78%. 
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Example 4 - Ground calcium carbonate separation result 

Table 4. Separation results on ground calcium carbonate (GCC) 





Insoluble 

% 


^Insoluble 

% 


Yield 

% 


LYield 

% 


^Recovery 
% 


One-Stage 


0.50 


0.50 


40.70 


40.70 


41.99 


3.00 


1.88 


50.10 


90.79 


92.39 




20.30 


3.58 


9.21 


100.00 


100.00 








100.00 








0.10 


0.10 


14.61 


14.61 


15.11 




0.50 


0.33 


19.61 


34.22 


35.31 




0.50 


0.39 


19.20 


53.42 


55.09 


Two-Stage 


1.80 


0.50 


4.34 


57.76 


59.51 


2.50 


1.16 


28.31 


86.07 


88.09 




6.40 


1.35 


3.37 


89.43 


91.35 




12.50 


1.83 


3.99 


93.42 


94.96 




16.60 


2.54 


4.71 


98.13 


99.03 




49.90 


3.42 


1.87 


100.00 


100.00 








100.00 
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As shown in Table 4, efficient removal of silica from the ground 
calcium carbonate (GCC) was achieved with the triboelectrostatic separation 
technology. A two-stage separation produced better separation results than the 
one-stage separation. Based on the two-stage separation, approximately 34% 
of calcium carbonate can be recovered for a product with 0.3% insol; a 57% 
yield of calcium carbonate is expected for a product with 0.5% insoluble. 
Example 5 - Phosphate separation result 

Table 5. Two-stage separation on phosphate flotation feed 



P,0« % 



Yield % 



EYield 



30 



35 



36.64 
17.32 
14.42 
12.96 
3.21 
1.99 
1.01 
0.36 
0.22 



36.64 
23.48 
21.48 
19.99 
13.82 
12.26 
10.47 
7.23 
5.83 



5.15 
11.00 
4.55 
4.40 
14.58 
6.03 
8.64 
25.68 
19.98 



5.15 
16.14 
20.70 
25.09 
39.67 
45.70 
54.34 
80.02 
100.00 



Recovery % 



32.35 
65.03 
76.29 
86.06 
94.08 
96.14 
97.64 
99.23 
100.00 
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Two-stage separation was conducted on a phosphate sample 
(Table 5), which is the flotation feed. Two fractions containing less than 0.5% 
P 2 O s with 45% yield exist. A concentrate with 36.64% P 2 O s can be produced 
with 32.35% P 2 O s recovery. 

5 The foregoing descriptions of various embodiments of the 

invention are provided for purposes of illustration, and are not intended to be 
exhaustive or limiting. Modifications or variations are also possible in light of 
the above teachings. The embodiments described above were chosen to 
provide the best application to thereby enable one of ordinary skill in the art to 
utilize the disclosed inventions in various embodiments and with various 
modifications as are suited to the particular use contemplated. All such 
modifications and variations are within the scope of the invention as 
determined by the appended claims when interpreted in accordance with the 
breadth to which they are fairly, legally and equitably entitled. 



